The non-Newtonian properties of blood are of great importance since they are closely related with incident cardiovascular diseases. A good understanding of the hemodynamics through the main vessels of the human circulatory system is thus fundamental in the detection and especially in the treatment of these diseases. Very often such studies take place in vitro for convenience and better flow control and these generally require blood analogue solutions that not only adequately mimic the viscoelastic properties of blood but also minimize undesirable optical distortions arising from vessel curvature that could interfere in flow visualizations or particle image velocimetry measurements. In this work, we present the viscoelastic moduli of whole human blood obtained by means of passive microrheology experiments. These results and existing shear and extensional rheological data for whole human blood in the literature enabled us to develop solutions with rheological behavior analogous to real whole blood and with a refractive index suited for PDMS (polydymethylsiloxane) micro-and milli-channels. In addition, these blood analogues can be modified in order to obtain a larger range of refractive indices from 1.38 to 1.43 to match the refractive index of several materials other than PDMS. V C 2013 AIP Publishing LLC.
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I. INTRODUCTION
Human blood is a dense suspension of elements, such as platelets, leucocytes, and mainly erythrocytes in an aqueous polymer solution, the plasma. 1, 2 Blood rheology is essentially determined by the behavior of the erythrocytes, which aggregate/disaggregate depending on the local flow conditions, and have the capacity to deform if needed. 3 The deformation of erythrocytes and its aggregates under shear and periodic forcing, leads to cyclic storage and release of elastic energy in addition to a shear-thinning viscosity and normal stress effects. These non-Newtonian properties of blood have long been recognized, measured, and modelled. [4] [5] [6] [7] The non-Newtonian behavior of blood, which affects its flow in both large, but mostly in small vessels characteristic of the microcirculation, is closely related to incident cardiovascular events like ischaemic heart disease and stroke. [8] [9] [10] Therefore, a fundamental understanding of the detailed fluid dynamics of blood flow and of the distribution of the wall shear stress in small vessels is essential to help detect cardiovascular diseases and to develop preventive measures and design suitable treatments. 11 Moreover, recent developments in blood sample loading and blood/tumor cell sorting devices [12] [13] [14] warrant the study of the viscoelastic properties of blood in microfluidic devices. The manipulation of real whole blood and the study of its flow dynamics in vitro are difficult because of the cost, safety, and ethics issues involved. Furthermore, the erythrocytes in vitro could be damaged in the absence of oxygen and nutrients leading to a change of its properties. This fact limits the use of real blood in long term experiments. Additionally, the rheological properties of blood at room temperature are different from those at body temperature 15 leading to an additional complication in setting up experiments. 16 For these reasons, the development of reliable blood analogues and the study of their flow characteristics are of great importance.
Most proposed analogues in the literature are either Newtonian, using glycerol and water/ glycerol mixtures or non-Newtonian aqueous solutions based on xanthan gum and PAA (polyacrylamide), [17] [18] [19] [20] [21] some of which have been used in micro-channels with simple planar geometries. 22, 23 Sousa et al. 22 used two blood analogue fluids to show that despite their similar steady shear rheology, the flow behavior in micro scale devices is markedly different, thus demonstrating that the elastic character also needs to be considered in the development of reliable blood analogues. Additionally, in geometries with solid-liquid interfaces with curvature (e.g., of circular cross-section), typical of the cardiovascular system, the blood analogue fluids to be used should have the same refractive index of the material of the microchannel in order to reduce undesirable optical distortions, hidden regions and reflections that preclude accurate measurements when using optical flow diagnostic tools, as in flow visualizations and in particle image velocimetry. 17 There is a wide range of transparent liquids with refractive indices from 1.28 to 1.75, 24 but matching the refractive index and the fluid rheology simultaneously considerably narrows the range of options. In fact, to choose an adequate fluid for a particular application one has to consider, in addition to the refractive index and the fluid rheology, optical transparency, density, material compatibility, chemical stability, safety, and price. 25, 26 In microfluidics, polydimethylsiloxane (PDMS) is one of the most widely used polymers to manufacture channels because of its transparency at optically visible wavelengths, biocompatibility, low autofluorescence, low cost, deformability and ability to mold easily among other advantages, which make this polymer a good candidate for manufacturing model vessels to study the dynamics of vascular diseases. [27] [28] [29] In this work, we develop transparent non-Newtonian blood analogues that exhibit rheological behavior under shear and extension very similar to real whole blood. To this end, we first measured the linear viscoelastic properties of real whole blood, the storage (G 0 ) and loss (G 00 ) moduli, using passive microrheology. These viscoelastic properties were combined with the viscosity curves in Thurston 4 and Valant et al. 30 to develop the blood analogues and subsequently checked also in terms of the relaxation time measured in extension by Brust et al. 31 In addition, the blood analogues have a refractive index between 1.38 and 1.43, which makes them suitable to be studied in micro-and milli-PDMS model vessels, whose refractive index is 1.41.
The manuscript is organized as follows: in Sec. II, the materials and experimental methods used are explained. In Sec. III, we present the results of the rheology of whole human blood and their analogues in terms of the viscosity curves, relaxation time in extension and viscoelastic moduli, followed by the analysis of the refractive index and its influence on the flow studies in micro-and milli-channels. Finally, the main conclusions are summarized in Sec. IV.
II. EXPERIMENTAL TECHNIQUES
A. Whole blood samples and blood analogues
The real whole blood samples were obtained from a healthy male donor. Approximately 4 ml of blood was drawn to which 7.2 mg of ethylenediaminetetraacetic acid (EDTA) were added in order to avoid coagulation. This anticoagulant offers one of the best performances in terms of blood cell preservation 32 and additionally, it is easily accessible and regularly used in the scientific community. 30, 33, 34 The blood samples were kept at 4 C for a maximum of three days during which all experiments were carried out. The blood analogue polymer solutions were mixed using magnetic stirrers at low speeds to prevent mechanical degradation of the polymers chains and their refractive indices were measured using ABBE Refractometer (Model 315RS Digital, Zuzi).
B. Fluid rheology and passive microrheology
The steady shear rheology experiments were performed on a stress-controlled shear rheometer (T.A. Instruments, model AR-G2), with a cone-plate of 60 mm diameter and 1 of angle, and with a plate-plate geometry of 60 mm diameter and a gap of 100 lm. Steady shear flow curves were obtained in the range of shear rates, 0:1 _ c=s
À1
10 000, and were carried out at 20.0 C. For the rheological extensional flow experiments, a Haake CaBER-1 capillary break-up extensional rheometer (Thermo Haake GmbH) was used, equipped with circular plates 4 mm in diameter and a laser micrometer to follow the time evolution of the filament diameter. In the present study, the initial and the final gap between plates were set to 2.0 and 6.56 mm, respectively. Fluid samples were carefully loaded between the plates using a syringe to ensure the absence of trapped air within the sample. As the fluids to be characterized are only very weakly elastic, the oscillatory tests could not be performed using shear rheometers due to their limited sensitivity. Instead, one-point passive microrheology was used to determine the viscoelastic storage and loss moduli, G 0 and G 00 , respectively, for all fluids (including real blood samples and blood analogues). 35, 36 Microrheology is also preferred when the material is available only in very small quantities ( 1 ml). Note that two-point passive microrheology could not be performed due to aggregation of tracer particles at higher concentrations, resulting in poor statistics. 37 Passive microrheology is based on the diffusivity of tracer particles dispersed in a solution. For a spherical particle with a radius a diffusing in a Newtonian liquid of viscosity g, the particle's mean square displacement (MSD) is the averaged squared distance that the tracer particle travels in a given time interval, referred to as lag time (s)
where x is the tracer position in one dimension, t is time and h i refers to the time and ensemble average of all the tracer particles.
37,38
The MSD is then related to the diffusivity D via hDx 2 (s)i ¼ 2D where
This equation is known as the Stokes-Einstein relation and it asserts that the measurement of the diffusivity of a thermally excited particle can be used to extract the viscosity of the fluid, relating the dynamics of an embedded tracer particle with the rheology of the medium. For a viscoelastic material, this equation has been modified to obtain the Generalized Stokes-Einstein relation which provides the viscoelastic properties of the medium 35, 36, 39 
where G * (x) is the complex modulus as a function of frequency, x and hDr(x 2 )i is the Fourier transform of the MSD. The real G 0 (x) and imaginary G 00 (x) parts of the complex shear modulus are called the storage and loss moduli, respectively, and represent the solid-like and liquidlike behavior of the material.
The passive microrheology experiments were performed on an inverted microscope (Olympus CKX41), equipped with a 40Â objective with numerical aperture NA ¼ 0.55. The sample chamber consisted of a 200 lm high precision cell made of quartz (Quartz Suprasil V R , Hellma Analytics). As tracer particles we used monodisperse 2.8 lm diameter beads (Dynabeads V R M-270 Carboxylic Acid); the particle size was chosen according to the maximum viscosity of the system and lag time of tracer particles movement. 40 The tracer particles were dried beforehand and redispersed in the blood (or blood analogue samples) to avoid possible changes in the rheology due to the presence of water. Image stacks were recorded by video microscopy leading to movies of 45 s at 90 fps. The particle trajectories were then obtained using tracking routines similar to those reported in Crocker and Grier. 38 Around 60 particles are tracked in each image, which with our field of view corresponds to a particle volume fraction of around / % 10 À3 .
41
C. Imaging of blood analogue flow in PDMS micro-and milli-channels
To evaluate the effect of the refractive index of the blood analogues on their imaging in PDMS model vessels, we tested the image quality during flow in PDMS channels using standard brightfield optical microscopy. We used two different PDMS channels with simplified geometries at the micro-and milli-scale, representative of blood vessels of different diameters. The micro-channel was fabricated in PDMS using standard soft-lithography techniques from an SU-8 photo-resist mold, 42 which confers the geometry a planar configuration with a constant depth throughout. In contrast, the milli-channel exhibits a circular cross-section, which provides a more realistic approach to real human vessels. It was fabricated using the lost-sucrose casting technique, 43 allowing the assessment of wall curvature effects on the imaging of the flow field. During the imaging, we focused at the middle plane of the channels using a 4Â objective for the milli-channels with circular cross-section and a 20Â objective for the micro-channels with a rectangular cross-section. To visualise the flow and assess the distortion effects, a small amount of carboxylated polystyrene spheres of 15.48 lm diameter (Microparticles Gmbh) were added to the blood analogues.
III. RESULTS AND DISCUSSION

A. Viscoelastic properties of blood
Whole blood is well characterized in the literature in terms of steady shear rheology and several flow curves have been published. 4, 8, 44, 45 However, given the viscoelastic nature of blood, viscosity measurements in steady shear flow are not enough to fully characterize the fluid rheology and tests under oscillatory shear are essential. These allow the evaluation of the relative contributions of viscous and elastic responses. However, reliable data obtained under these conditions are still lacking. Valant et al. 30 have reported the viscosity curves obtained for three female and three male healthy donors at 37 C with different hematocrit (Hct) values. For all donors, the viscosity was markedly shear-thinning confirming the early measurements of Chien et al. 46, 47 and Thurston 4 and providing evidence of contributions of both viscosity and elasticity in the rheology of whole blood (which will be separately evaluated as G 0 and G 00 afterwards). At low shear rates, the red blood cells tend to aggregate leading to a solid-like behavior, but as the shear rate is increased the red blood cells disaggregate and align with the flow imparting a liquid-like behavior to blood, with a reduced ability to store elastic energy. The differences among the six viscosity curves obtained by Valant et al. 30 correspond to the differences in the Hct values, showing stronger shear-thinning as the concentration of red blood cells increases. 30, 48, 49 In order to quantify the relative magnitude of elastic and viscous behavior of blood, passive microrheology experiments were carried out with real whole blood. In Figure 1 , the viscoelastic moduli of the human blood sample with Hct ¼ 44% at 27 C determined using microrheology are plotted. It is clear that G 00 (loss modulus) is larger than G 0 (storage modulus) indicating a liquid like behavior in the whole range of frequencies studied. Both storage and loss moduli increase as frequency is increased, albeit this increase is higher for the elastic component. These curves confirm that there is a non-negligible elastic contribution to the bulk rheology of whole human blood.
To obtain the viscoelastic moduli of real blood at the characteristic temperature of the human circulatory system (37 C), we rescaled the data using the time-temperature superposition principle. According to the steady shear data measured by Langstroth 15 at temperatures ranging from 5 to 37 C, it is possible to obtain the temperature shift factor (a T ), which is given by
where g(T) and q are the shear viscosity and fluid density at temperature T; g(T ref ) and q ref refer to the same properties at a reference temperature T ref .
For the small range of temperatures used in their measurements, the fluid density is approximately constant and the scaled curve can be determined after reducing the viscosity and shear rate according to Eqs. (5) and (6), respectively
yielding a T ¼ 1.96 from the data of Langstroth.
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According to Bird, Armstrong, and Hassager 50 the master curves for the viscoelastic moduli can be rescaled as
while the angular frequency scales similarly as the shear rate
The rescaled viscoelastic moduli for real whole blood at (37 C) are shown in Figure 2 as symbols. Previous works dealing with the rheological behavior of blood with increasing temperature 15 have shown that the temperature has a strong influence in the shear viscosity. This relationship is slightly non-linear at the high and low end of temperatures; however, in this work the viscoelastic moduli were shifted linearly as it is a common practice for the small range of temperatures used. Some works dealing with the blood flow and red blood cells flow in micro channels 51, 52 mimicking the blood behavior through the circulatory system have been performed at room temperature, since the proper normalization of data makes the results valid at body temperature. It is often advantageous for reference and numerical calculations to have a constitutive equation for blood rheology. Usually, the purely viscous Generalized Newtonian fluid model is used with the viscosity described by equations like the Casson, Carreau, Quemada and power law models, amongst others. [53] [54] [55] [56] These models can describe the shear-thinning behavior of blood but are not able to account for its viscoelasticity. Although scarcer, viscoelastic models are necessary for more complete descriptions of blood rheology, and often some of its parameters are dependent on the evolution of structures formed by the erythrocytes. 2, [5] [6] [7] 57 Here, the viscoelastic moduli and the steady viscosity data were fitted using two viscoelastic multi-mode differential constitutive equations: the simplified Phan-Thien-Tanner (sPTT) and Giesekus models 58, 59 with a Newtonian solvent contribution of viscosity g s , but without the use of structure-dependent parameters. These two multi-mode models can be compactly written as
with
where r is the upper-convected derivative and
The deformation tensor is given by Table I and are plotted in Figure 2 as lines, where the models are compared to the experimental data of real blood at 37 C. Although the Giesekus model shows a better fit, the nonlinear term introduces a nonzero second normal stress difference, which so far has not been reported for blood. Hence, the sPTT model should preferably be used and the Giesekus model should only be used when there is the certainty that blood flow presents this second normal stress difference.
B. Blood analogue characterization
Based on our data for the viscoelastic moduli of blood and the viscosity curves from Thurston, 4 we developed four different polymer solutions as blood analogues and subsequently checked them in terms of relaxation time in extensional flow. The composition of the different solutions are presented in Table II (polyacrylamide (PAA) with Mw ¼ 18 Â 10 6 g/mol, from Polysciences, xanthan gum (XG) and hyaluronic acid (HA) from Sigma Aldrich and sucrose from AnalaR Normapur). The refractive indices of the solutions are 1.39 for the solutions with sucrose and water as a solvent, and 1.41 for the solutions with DMSO and water as a solvent. The shear viscosity curves for the four blood analogue solutions are shown in Figure 3 and were measured using a cone-plate (appropriate for measurements at the low end of shear rates) and a plate-plate (appropriate for measurements at high shear rates) geometries in order to obtain reliable viscosity measurements in a wide range of shear rates.
The shear-thinning behavior observed for the blood analogues is broadly in good agreement with the non-Newtonian characteristics found in steady shear experiments with whole real blood carried out by Thurston 4 and by Valant et al. 30 taking into account the variation associated with the different Hct values in the samples considered in the latter case. Both xanthan gum solutions in DMSO and in sucrose show shear-thinning behavior which is in agreement with the viscosity curve for whole real blood, as shown in Figure 3 . The solution of PAA, HA, and TABLE I. Parameters of the multi-mode Giesekus and sPTT model fits for whole human blood. In Figure 4 , the storage (G 0 ) and loss (G 00 ) moduli obtained by passive microrheology are presented for the four viscoelastic solutions over a wide range of frequencies and compared to those of blood. In all cases, the behavior is clearly liquid-like since G 00 is larger than G 0 in the whole frequency range studied. Solutions with sucrose as a solvent show slightly lower G 0 values than solutions based on DMSO, though all four solutions present viscoelastic behavior similar to whole human blood. At large frequencies, blood undergoes a progressively lower variation of G 00 with frequency, whereas the corresponding variation for the blood analogues is more linear, yielding a higher deviation from the whole blood data at high frequencies. Nevertheless, the good overall agreement between the analogues and blood, as obtained from both the flow curves and single-particle microrheology, confirms the applicability of the proposed solutions as blood analogues.
It has been shown that developing blood analogue solutions taking into account only the rheological behavior under shear flow is not enough to ensure an accurate representation of blood 22 and for that reason a complete rheological characterization based also on the extensional properties has also been done. Very recently, Brust et al. 31 measured the relaxation time of whole human blood in extensional flow, obtaining an approximated value of 2 ms. Table III shows the characteristic relaxation times of the four blood analogue solutions measured in the capillary breakup extensional rheometer. It is clear that even though the viscosity curves and viscoelastic moduli of the four solutions are very similar, the relaxation time of the samples prepared with XG is one order of magnitude smaller than those prepared with PAA and HA. For that reason, and in comparison with the findings of Brust et al., 31 we can state that samples DX and SX constitute more complete blood analogues, as they present relaxation times very similar to whole human blood (%2 ms).
C. Refractive index matching
Importantly, all the blood analogues can be modified in order to obtain a wider range of refractive indices from 1.38 to 1.43 to match the refractive index of materials typically used for the fabrication of model vessels. In the case of the analogues with DMSO and distilled water as solvent, the refractive index decreases from 1.41 to 1.38 and the viscosity increases to %4 mPa s if we decrease the concentration of DMSO to 35 wt. %. 60 Nevertheless, the viscosity still compares well to that of real blood and the shape of the shear-thinning is maintained. Upon increasing the fraction of DMSO to 65%, the refractive index increases from 1.41 to 1.43 and the viscosity decreases from 3.5 mPa s to 3 mPa s approximately, 60 respectively, while the shear thinning behavior is retained. In the case of the analogues with sucrose and water as a solvent, the behavior is similar taking into account that 1% of sucrose in water will increase the refractive index by around 0.135. However, care must be taken because sucrose addition has a larger impact on the viscosity of the solvent than DMSO addition, limiting the concentration of sucrose to be used and hence the refractive index is kept within the range 1.38-1.40 approximately.
The effect of the different refractive indices of the blood analogues on the imaging of their flow through the PDMS micro-and milli-channels is shown in Figure 5 . It is clearly observed that flowing a blood analogue solution with a refractive index of 1.33, which is much lower than that of PDMS (1.41), through the circular cross-section milli-channels, leads to a wide black region close to the walls. This hinders the detection of particle positions, which would make flow visualizations or lPIV experiments rather limited in scope. However if we increase the refractive index to 1.39, this image distortion diminishes and completely disappears when the refractive index of the solutions is the same as that of the PDMS. In the latter case, a clear image across the channel is obtained, as in the case of the analogue using DMSO as a solvent.
On the other hand, in the case of the micro channels, these optical distortion effects due to the refractive index mismatch are less significant as a result of their rectangular cross-section ( Figure 5) . Nevertheless, the solutions with refractive indices of 1.33 and 1.39 still show a slightly darker region close to the walls. Therefore, even though any of the four blood analogues are suitable for use in rectangular PDMS channels, a blood analogue solution with a matching refractive index of 1.41 is still preferential.
IV. CONCLUSIONS
We have successfully used passive microrheology to measure the shear response of human blood preserved with EDTA. The results confirm the elastic nature of blood and allowed us to quantify its relative viscous and elastic contributions. Moreover, multi-mode Giesekus and sPTT models have been fitted to the experimental data, providing a useful tool for future use in computational rheology. In addition, four different polymer solutions with different refractive indices (1.39 and 1.41) were proposed as viscoelastic blood analogues capable of mimicking the shear and extensional rheology of human blood. The rheological behavior of the analogues obtained from steady shear and passive microrheology experiments is in good agreement with the rheological properties of whole human blood preserved with EDTA, and in the case of samples SX and DX resulted in complete blood analogues as they matched also the relaxation time of the whole human blood measured in extensional flow. It has also been shown that these analogues are suitable for use in PDMS in vitro models of the circulatory system due to their matching refractive index. In particular, the DX and DP solutions with a refractive index matching that of PDMS (1.41) are the most suitable for use in channels with non-planar crosssection, while all the proposed blood analogues are well suited for use in planar microchannels, since refractive index matching is not crucial in this case.
